Recently, a new bacterial top rot disease of maize has frequently appeared in many areas of Yunnan Province, China. The pathogen of the disease was identified as Klebsiella pneumoniae (KpC4), which is well known to cause pulmonary and urinary diseases in humans and animals and occasionally exists as a harmless endophyte in plants. To evaluate the virulence of the maize pathogen to maize and mice, we inoculated maize and mice with routine inoculation and intraperitoneal injection respectively according to Koch's postulates. The results showed that KpC4 and the clinical strain K. pneumoniae 138 (Kp138) were all highly pathogenic to maize and mice and the strain re-isolated from diseased mice also caused typical top rot symptoms on maize by artificial inoculation. It is highlighting that a seemingly dedicated human/animal pathogen could cause plant disease. This is the first report of K. pneumoniae, an opportunistic pathogen of human/animal , could infect maize and mice. The findings serve as an alert to plant, medical and veterinarian scientists regarding a potentially dangerous bacterial pathogen infecting both plants and animals/humans. The maize plants in the field could serve as a reservoir for K. pneumoniae which might infect animals and probably humans when conditions are favorable. The new findings not only are significant in the developing control strategy for the new disease in Yunnan, but also serve as a starting point for further studies on the mechanism of pathogenesis and epidemiology of K. pneumoniae.
Introduction
Maize (Zea mays L.) has been cultivated in more than 90% of counties in Yunnan, a southwestern province in China. As a major crop, it plays an important role in agriculture, an-imal husbandry, and the downstream industries. However, phytopathogenic microbes and pests often cause adverse effects on maize production. The annual loss of maize yield caused by diseases can be as great as 10-20% in Yunnan.
In the summer of 2010, a new top rot disease of maize was observed in the fields of Kunming, Yuxi, Zhaotong, Qujing, Lincang, Dali, Chuxiong, Honghe and other regions of Yunnan. Typical symptoms of the disease were primarily chlorosis, margin incision and curling of the leaves, stalk rot, and stem tip collapse with release of a foul odor. Leaf margin incision and erosion were the diagnostic features of this disease. Diseased plants were scattered in individual fields with 4-10%. Jinfeng 1, a hybrid of maize, was especially susceptible to the disease, accounting for 80% of the infected plants.
Our preliminary studies, based on the bacterial exudation from diseased plant tissues, colony morphology, Gram staining and microscopic studies, as well as physiological and biochemical tests of the isolates, strongly suggested that the causal agent of the maize top rot should be Klebsiella pneumoniae (Enterobacteriaceae). However, K. pneumoniae is commonly found in the mouth, skin, and intestines of humans and animals (Holt et al. 2015) as an opportunistic pathogen, frequently causing pneumonia, infection of the urinary tract, and soft tissues as well as septicemias that lead to rapidly spreading nosocomial outbreaks. It is the most prominent Klebsiella species found in hospitals to infect patients (Schroll 2010) .
Klebsiella strains have also been isolated from the interior of plants as harmless endophytes, including rice , maize (Chelius and Triplett 2000; Iniguez et al. 2004) , sweet potato (Reiter et al. 2003) , sugarcane (Shotaro et al. 2005) and banana (Martínez et al. 2003) . Some K. pneumoniae strains are diazotrophic endophytes, providing fixed nitrogen to certain plants (Sevilla et al. 2001; Iniguez et al. 2004) .
To evaluate the virulence of the maize pathogen to other organisms, pathogenicity tests were performed on both maize and mice. For comparison, the well-characterized clinical isolate K. pneumoniae 138 (Kp138) was included in this study.
Materials and methods

Identification of bacterial strains isolated from top rot plants
Screening virulence of bacterial strain on maize A total of 124 samples of whorls, leaves, and stalks with typical top rot symptoms were collected from the major maize-growing areas in Yunnan Province. These samples were disinfected according to Fang (1997) and examined by light microscopy.
Samples with bacteria exudation (BE) were prepared for isolation. After disinfection (Fang 1997) , the margin between healthy and diseased parts of the whorl, stalk, or leaf tissues with different symptoms were cut aseptically into small sections and immersed in 1 mL sterile distilled water (SDW) at room temperature (approximately 25°C) for 10 min. One loop of each suspension was aseptically streaked on the surface of Luria-Bertani (LB) agar plates (Green and Sambrook 2012) and incubated at 37°C for 48 h. The predominant bacterium on the plates was re-streaked on LB plates for further purification, and this step was repeated three times. Purified strains were stored in sterile tubes (2 mL) with equal volume (1.5 mL) of 40% sterilized glycerol at -80°C.
The pathogenicity of these strains isolated from diseased plants was conducted on Jinfeng 1, a highly susceptible cultivar of maize to top rot. Each strain was retrieved from the stock, cultured on a LB plate (incubation at 37°C for 48 h), colonies were scraped with a sterilized loop and suspended in sterile LB liquid medium, then incubated in a shaker at 37°C for 24-48 h (Goszczynska et al. 2006) .
After adjusting the bacterial concentration with LB broth to 10 8 colony forming unit (CFU) mL -1 , maize plants at developmental stages V3, V5, V6 and V7 (plant age expressed as the number of fully expanded leaves after the letter V) were inoculated immediately in the greenhouse of Yunnan Agriculture University, China (YAU) with a natural light/dark cycle and a thermoperiod of 28°C/23°C at 80-90% relative humidity. Maize plants at stages V6, V8, and V11 were inoculated in the field (monthly mean maximum/minimum temperature of 24.5-25.5/14.9-17.7°C). Three inoculation methods were employed: (i) spraying the whole plant, (ii) injection of the leaf tissues and the stem below the first leaf whorl, and (iii) filling the leaf whorl axis itself with the bacterial suspension. Plants treated similarly with plain LB broth and SDW served as the controls. There were ten plants and three replicates per treatment. The bacterium was re-isolated from symptomatic tissues and further purified on LB plates, and re-inoculated back into maize to satisfy the Koch's postulates. Pathogenicity tests were repeated 26 times in the greenhouse and 6 times in the field. Taxonomy of strain infecting maize One isolate (designated KpC4) has strong pathogenicity to maize. It was studied based on the colony morphology and cultural characterisitics (Klement et al. 1990) , Gram-staining test and microscopic examination (Fang 1997) . The physiological and biochemical tests were conducted according to the methods described by Schaad et al. (2001) and Dong and Cai (2001) . A clinical strain of K. pneumoniae 138 (Kp138) acted as control. The whole-cell fatty acid analysis was performed by using MIDI Sherlock Microbial Identification System (MIS) 4.0 based on gas chromatography analysis as described by Walcott et al. (2000) .
Genomic DNA of KpC4 was prepared according to the method previously reported by Cheng and Jiang (2006) . A pair of universal primers (synthesized by Generay Biotech, Shanghai, China) were used to amplify a region of 16S ribosome DNA (rDNA) sequence: IDB-F (5´-AGGGCTTC GTCGAGTACATCAA-3´) and IDB-R (5´-GTTCCGCCGAG GCTCCACG-3´). PCR amplification was performed in a total volume of 100 μL containing 10 μL of 10× EasyTaq DNA polymerase buffer (+Mg 2+ ) (Transgene Biotech, Beijing, China), 8.0 μL dNTPs (2.5 mmol L -1 each), 5.0 μL of each primer (10 mmol L -1 each), 1.0 μL EasyTaq DNA polymerase (5 U μL -1 ) and 2.5 μL of genomic DNA template (10-50 ng μL -1 ). The reaction was performed in a thermal cycler (Eppendorf Mastergradient, Gene Company Limited, Gemany) with the following profile: pre-denaturation at 94°C for 4 min 30 s; denaturation at 94°C for 30 s, annealing at 55°C for 45 s, extension at 72°C for 1 min and 30 s, over 30 cycles; final extension at 72°C for 10 min and kept at 16°C. After electrophoresis on 0.8% agarose gel, the targeted PCR products were directly sequenced in Beijing Genomic Institute (BGI), Shenzhen, China.
gyrB (DNA gyrase subunit B) has been a suitable and reliable substitute for the entire 16S rDNA in molecular taxonomy (Yamamoto 1998) . The details of ropB and gyrB amplification were similar as described above (Yamamoto 1995) . The PCR products were excised from 0.8% agrose gel after electrophoresis and purified with DNA Gel Recovery Kit (Sangon Biotech, Shanghai, China) following the manufacturer's instruction and cloned into the linear pMD18-T (TaKaRa, Dalian, China). After transformation into Escherichia coli TG1 competent cells and selection by cracking, the positive colony was cultured in LB liquid medium containing 100 μg mL -1 ampicillin and sequenced. The sequenced results were assembled with DNAMAN software 5.0 and then searched against NCBI databases to identify the closest bacterium.
Pathogenicity test on mice
Kunming white mice (a line of Mus musculus albus, domesticated in Kunming), all female, 6-8 weeks old, weighing (20±2) g, were purchased from the Animal Center of Kunming Medical University, China and maintained in the National Engineering Center for Applied Technologies of Agricultural Biodiversity of Yunnan Agricultural University according to Wu (2007) . The care of experimental animals was in accordance with institutional guidelines.
Animal experiments were pre-approved by the Institutional Animal Care and Use Committee of Yunnan Agricultural University (GB14925-2010 2010) and performed in strict accordance with Laboratory Animal-Requirements of Environ-ment and Housing Facilities (GB14925-2010 2010) and the Regulation of Laboratory Animals in Yunnan Province (No. 59) for housing, care of laboratory animals and conducting animal experiments in accordance with the principles of life ethics. Bacterial strains The KpC4 strain was isolated from diseased maize in Yunnan Province in 2012 and stored in glycerol at -80°C. K. pneumoniae 138 (Kp138), a clinical strain, originally isolated from an intensive care unit (ICU) patient with pulmonary infection, served as the positive control. They were recovered, marked with 500 μg mL -1 rifampicin (Sangon Biotech, Shanhai) (designated as RC4, R138, respectively) and prepared for inoculation as described above (Wu 2007) . Inoculation methods (1) Test 1. In this test, 9 mice were randomly divided into 3 groups, 3 mice per group in a cage. Bacterial suspensions of RC4 and R138 in LB broth were prepared as described above and the bacterial concentration adjusted to 10 8 CFU mL -1 . Each mouse was inoculated by intraperitoneal injection with 0.2 mL of the above suspension as described by Li (2011) and Gao and Yao (2006) . Injection of saline solution served as the control and each treatment replicated 3 times. Mice were humanely euthanized 5 h after inoculation (3 mg odium pentobarbital for each mice by intraperitoneal injection), before they were dissected. Portions of the heart, lung, liver, kidney and bladder were cut out and weighed, rinsed with SDW several times. Bacteria were recovered from these organs by homogenization in 2 mL 0.9% NaCl, serially diluted, plated on LB agar with 500 μg mL -1 rifampicin and then incubated at 37°C for 24-48 h. The re-isolated bacterium from mice (designated RCM4) was re-inoculated back into mice to satisfy the Koch's postulates and stored at -80°C.
Fisher's least significant difference (LSD) test was used for statistical analysis of data from virulence studies. P-val-ues<0.05 were considered statistically significant.
(2) Test 2. In another test, 12 mice were randomly divided into 4 groups, and inoculations with RC4 occurred with the following preparations: (i) bacteria suspensions prepared as described in the section above, (ii) bacteria-free supernatant (1 mL bacteria suspension at 25°C, centrifuged twice for 3 min at 10 000 r min -1 and filtered with a 0.22 μm pore size Millipore membrane), and (iii) bacteria cells in saline solution (1 mL bacteria suspension centrifuged as above, with the bacteria pellet re-suspended in 1 mL normal saline solution). Injection of LB broth served as the control and each treatment replicated 3 times. Each mice was inoculated by intraperitoneal injection with 0.3 mL of the above suspension or solution.
Inoculated mice were monitored daily for 7 days for symptom development and mortality. Dead mice were dissected immediately, and the rest were sacrificed 7 days after inoculation. Portions of the lesions developed in the heart, liver, spleen, lung and kidney were cut out, rinsed with SDW several times and placed on the LB plates with 500 μg mL -1 rifampicin to be incubated at 37°C for 24-48 h.
Pathogenicity tests on maize using RC4, RCM4 and R138
Two field susceptible maize cultivars: Gangyu 88 and Jingfeng 1 were used for pathogenicity tests. Several experiments were conducted using V1, V3, V7 stage maize plants in a plant growth chamber (relative humidity 60-80%; photoperiod: 10 h, 13 000 lux and 28°C; dark period: 14 h and 23°C). V5 plants were kept in the greenhouse with natural light (28°C during the day and 23°C at night; relative humidity 60-80%). V3, V6 and V10 maize plants were maintained on the farm of YAU. The inoculation methods were the same as described above for maize. Pathogenicity tests were repeated 11 times on maize in the greenhouse and growth chambers in 2013, and 4 times in the field from May to August of the same year. R138 were not tested on maize in the fields because of the clinical characteristic. Strain RC4 was used to inoculate V2 maize plants with a series of diluted bacterial suspensions (5.6×10 2 , 5.6×10 3 , 5.6×10 4 , 5.6×10 5 , 5.6×10 6 , 5.6×10 7 , 5.6×10 8 CFU mL -1 ) to determine whether low concentrations of KpC4 could still be highly virulent to maize. The isolated strains were inoculated back into maize to satisfy the Koch's postulates.
Pathogenicity tests were also performed on rice, rape, Chinese trumpet creeper and alfalfa in the greenhouse.
Results
Identification of bacterial strains isolated from top rot plants
Screening virulence of bacterial strain on maize Among 124 diseased samples, 82 (66.1%) exhibited BE phenomenon. 88 strains were isolated from samples with BE, and 34 strains were stored at -80°C after confirmed phenotypes consistency. From May 2012 to August 2013, the pathogenicity confirmation of 34 strains was conducted on Jinfeng 1, a highly susceptible cultivar of maize to top rot. After 26 tests by following the Koch's postulates, one isolate (designated KpC4) proved to have consistently high virulence to maize cultivar Jinfeng 1. All infected maize plants by artificial inoculation showed the same symptoms (Fig. 1) as found on naturally diseased plants, and all of the symptoms could be observed on every infected plant. Symptoms occurred 3 to 21 days after inoculation. In the 2 or 3 days, discoloration and yellowing or bleaching on leaves began to appear. Typical symptoms of maize top rot could be observed on V7 stage plants in a plant-growth chamber in 5 days but 5-6 days in the field. Infection rates after inoculated by spraying, injecting and filling could be up to 100% at most stages. Top rot symptoms usually appeared in the middle of leaves, leaf apex, leaf blade base, even the whole whorl which were not fully expanded during all growing periods. Leaf margin incisions were distinctive features of this disease ( Fig. 1-B ), quite different from other diseases on maize. The control plants remained healthy. Taxonomy of strain infecting maize Colonies of all isolates recovered from inoculated maize with disease symptoms were grayish white, circular, opaque, shiny and convex on LB plates with a diameter of 2 to 5 mm. The bacterium was non-flagellated, Gram-negative, encapsulated and short-rod shaped (0.3-1.0 μm×0.6-6.0 μm), similar to the characteristics of Klebsiella (Dong and Cai 2001) .
The physiological and biochemical characteristics results of isolates KpC4 and Kp138 are presented in Table 1 . By using the methods described by Buyer (2003) , the genus and species of an unknown organism could be identified when the similarity coefficient is more than 0.2 and 0.5, respectively, whereas a coefficient below 0.2 would be inconclusive. Comparisons of the fatty acid profiles of KpC4 with those of known bacteria in the MIDI database revealed that KpC4 matched K. pneumoniae, with a similarity index of 0.758. A BLAST search (http://blast.ncbi.nlm.nih.gov/Blast. cgi) with the 1.5-kb sequences assembled by DNAMAN 5.0 showed that 16S rDNA, rpoB and gyrB of strain KpC4 had the higher homology to K. pneumoniae. KpC4 has the closest relationship with K. pneumoniae as shown in the phylogenetic tree (Figs. 2-4) constructed by MEGA 4.0 software. Moreover, it also has closer relationship with clinical strain -K. pneumoniae 138 (Fig. 3) . Acid and/or gas production Acid and/or gas production Mannitol Acid and/or gas production Acid and/or gas production 1) +, positive reaction or could grow and utilize the substrate; -, negative reaction and could not grow or utilize the substrate. The physiological and biochemical characteristics of KpC4 were the same as those of Klebsiella, suggesting KpC4 should be identified as a species of Klebsiella.
Serratia marcescens DSM 30121 T (NR041980.1) Fig. 2 Phylogenetic tree reconstructed based on 16S rDNA sequences to analyze the relationship between KpC4 and its related bacterial species. Numbers above branches are bootstrap values from 1 000 replicates. The same as below.
Pathogenicity test on mice
In Test 1, after 30 min, all mice injected with the bacterial broth culture of RC4 isolated from naturally infected maize and the clinical strain R138 (marked with 500 μg mL -1 rifampicin), developed disease symptoms, including hunched posture, listlessness, eye adhesion, emaciation and hair dishevelment (Fig. 5 ). A large number of bacteria, not only R138, but RC4 were found to reside in all mice hearts, lungs, livers, kidneys, and bladders in 5 hours after inoculation. And the number of bacteria in all infected organs of the mice inoculated with the maize pathogen RC4 were similar to organs of those inoculated with the clinical strain R138 (Table 2) . Moreover, bacteria proliferated in mice in vivo, reaching a level 44.5 times greater than the original inoculum. Thus, RC4 caused disease in mice, and there was no significant difference in the pathogenicity to mice between the causal agent of maize bacterial top rot and the clinical strain R138.
In Test 2, the mice injected with bacteria suspension, supernatant and bacteria cells of RC4 all presented the same symptoms as shown in Fig. 5 . Mice injected with only the bacteria suspension died within 20 hours with 100% fatality, whereas the fatality rate of the mice injected with the supernatant was 66.7%. Mice injected with 0.9% physiological saline solution plus bacterial cells did not die, but were diseased. Dissection of diseased mice revealed swollen dark red lungs, kermesinus liver, dark purple spleen, and edema of the duodenum (Fig. 6) . The mice in the control group, injected with LB broth alone, remained healthy. The isolated bacterium was inoculated back into mice, causing identical disease symptoms. The bacterium re-isolated from diseased mice was confirmed to be K. pneumoniae, thus satisfying the Koch's postulates.
Pathogenicity test on maize using RC4, RCM4 and R138
All bacterial pathogens, including R138, could induce typical top rot symptoms on maize of the vegetative growth stages (V1-V10). Symptoms could be observed on V1 and V3 stages plants after 2-3 days, V7 after 5-6 days in a plant-growth chamber. Symptoms also appeared after 5 days for V5 plants in the greenhouse and 4-5 days for V3, V6 and V10 plants in the field. All infected maize plants by artificial inoculation showed the same symptoms as found in naturally infected plants. Inoculation of the maize plants by spraying, injecting and filling all showed the highest infection rates (up to 100%), even including R138 (Table 3 ). The identity of the bacterium re-isolated from symptomatic tissues was confirmed as K. pneumoniae based on media growth, chemical profiles, and physiological characteristics. However, the bacterium could not infect rice, canola, Chinese trumpet creeper and alfalfa.
Three days after inoculation, all the V2 maize plants in the plant growth chamber expressed typical top rot symptoms over the range of bacterial suspension dilutions (5.6×10 2-9 CFU mL -1 ). Copious bacterial oozes overflowing from the whorls of the maize were observed in 7 days (Fig. 7) .
Discussion
Maize top rot disease is a generic term for the typical symptoms of top rot, such as leaf chlorosis, leaf thinning transparent, leaf margin incision, and top rot. In recent years, maize top rot disease has been reported in various regions of China, including Beijing, Heilongjiang, Liaoning, Jilin, Gansu, Shandong, Xinjiang, Ningxia, Hebei and Shandong (Jiang 2003; Yan 2005; Xing 2009; Zhao 2010) . The incidence of the disease is usually 5-34%, but can be up to more than 70-80% in some regions (Xing 2009 ). The pathogen of the disease has been identified as Fusarium spp. in China (Xu 2001; Kong 2010) . But, we isolated and identified the pathogen of the maize top rot disease in Yunnan as K. pneumoniae (KpC4). It was suggested that appropriate temperature and humidity conditions during the vegetative period of maize would be more suitable for the occurrence of bacterial diseases in Yunnan. Pathogenic tests with injection, spraying, whorl filling suggested that the strain KpC4 infected maize through wounds and natural ostioles. Moreover, low concentrations of KpC4 (5.6×10 2 CFU mL -1 bacterial suspensions) could infect maize by artificial inoculation, and led to copious bacterial oozes overflowing from the whorls of maize. Thus, there is a lot of sufficient evidence that KpC4 not only could colonize the We also demonstrated that KpC4 isolated from diseased maize had the same strong pathogenicity to mice as the clinical strain Kp138. Furthermore, when the bacterium was re-isolated from diseased mice it could induce the same top rot disease symptoms on maize and the pathogenicity of K. pneumoniae satisfies Koch's postulates, indicating that the same strain not only infect maize plant, but also mice. On the other hand, it is quite feasible that bacterial toxins might play an important role in the pathogenesis of the mice because the bacteria-free supernatant and bacterial cells after centrifuging and washing with saline solution and re-suspended in saline solution could cause diseases in 70% of injected mice producing similar symptoms.
Previous studies proved that K. pneumoniae isolates from surface water were in general as virulent as the clinical strains in the mice model (Matsen et al. 1974; Struve and Krogfelt 2004) . It seems plausible that Klebsiella isolates of environmental origin increased bacterial population in the phyllosphere and rhizosphere of plants by irrigation, since irrigation water could be easily contaminated by feces of infected human or animal hosts. Our study also demonstrated that K. pneumoniae causing diseases in humans/ animals could cross biological kingdoms to infect maize in kingdom plantae. The conclusions are consistent with the model related with the evolution of a potential cross-kingdom pathogen by acquiring the capability to cause disease in a plant host (Kirzinger et al. 2011) . Those human/animal pathogenic bacteria must be able to attach to alternative hosts (plants), overcome or evade host defense system, and proliferate on, in, or near the host in order to survive and utilize the host's nutrients (Van Baarlen et al. 2007 ). However, the infection strategies of K. pneumoniae in maize are still unknown, which need further study.
Conclusion
Although it is widely accepted that in general, animal and human pathogenic bacteria are distinct from phytopathogenic bacteria, Pseudomonas aeruginosa, Burkolderia cepacia and Erwinia spp. could infect both plants and animals whereas several human pathogenic bacteria including Enterococcus faecalis and Staphylococcus aureus could also be pathogenic to plants, which became excellent models for the study of animal and human pathogenesis (Jha et al. 2005; Prithiviraj et al. 2005) . While some strains of K. pneumoniae are capable of inhabiting the living tissues of plants without any disease symptoms, or living as nitrogen-fixing endophytes Chelius and Triplett 2000; Shotaro et al. 2005; Fouts et al. 2008) , there was no report that a phytopathogenic bacterium could infect animals directly and the isolate recovered from the diseased animals could re-infect the same plant species and cause the same symptoms as initially expressed by the plant host. Our research has highlighted the ability of a seemingly dedicated human/animal pathogen to cause plant diseases. To the best of our knowledge, this is the first report of a new disease on maize in Yunnan Province: bacterial top rot caused by K. pneumoniae infecting mice. The findings serve as an alert to plant, medical and veterinarian scientists regarding a potentially dangerous bacterial pathogen infecting both plants and animals/humans. The maize plants in the field could serve as a reservoir for K. pneumoniae which might infect animals and probably humans when conditions are favorable.
